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Abstract:    Weak L1 signal acquisition in a high dynamic environment primarily faces a challenge: the integration peak is neg-
atively influenced by the possible bit sign reversal every 20 ms and the frequency error. The block accumulating semi-coherent 
integration of correlations (BASIC) is a state-of-the-art method, but calculating the inter-block conjugate products restricts BASIC 
in a low signal-to-noise ratio (SNR) acquisition. We propose a block zero-padding method based on a discrete chirp-Fourier 
transform (DCFT) for parameter estimations in weak signal and high dynamic environments. Compared with the conventional 
receiver architecture that uses closed-loop acquisition and tracking, it is more suitable for open-loop acquisition. The proposed 
method combines DCFT and block zero-padding. In this way, the post-correlation signal is coherently post-integrated with the bit 
sequence stripped off, and the high dynamic parameters are precisely estimated using the threshold set based on a false alarm 
probability. In addition, the detection performance of the proposed method is analyzed. Simulation results show that compared 
with the BASIC method, the proposed method can precisely detect the high dynamic parameters in lower SNR when the length of 
the received signal is fixed. 
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1  Introduction 
 
The Global Positioning System (GPS) signal is 

modulated by the direct sequence spread spectrum 
technique. Every satellite is transmitting a particular 
pseudorandom noise (PRN) code. The L1 signal is an 
important component of GPS (Huang et al., 2013). 

When the signal transmission environments are not 
ideal, such as interior, forest, and urban environments, 
acquiring the signal would cause a serious energy 
decline. To solve this problem, a general approach is 
to increase the integration time (Yang and Han, 2001) 
over the PRN code periods, which leads to a high 
integration peak and increases the detection 
probability (Geiger et al., 2012; Geiger and Vogel, 
2013). However, weak L1 acquisition in the high 
dynamic environment faces the following challenge: 
the integration peak is negatively influenced by the 
possible bit sign reversal every 20 ms and the 
frequency error. 

To reduce the influence of the frequency error on 
the integration peak, Spangenberg et al. (2000), 
Shanmugam et al. (2007), and Dai et al. (2010) 
performed the Doppler compensation on the 
correlation based on the chirp signal or signal block. 
The detection probability is improved when the high 
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precision frequency estimation is obtained. The high 
precision frequency estimation has been extensively 
studied in Kay (1989), Fu and Kam (2007), and 
Belega and Dallet (2008). However, due to the 
acceleration and instability of the local clock in high 
dynamic acquisition (Su and Wu, 2000), the phase of 
the complex baseband signal without noise (or 
frequency error) is nonlinear. Therefore, the block 
accumulating semi-coherent integration of correlations 
(BASIC) method (Yang et al., 2008) has been 
proposed. This method converts the nonlinear prob-
lem into a linear one. This is achieved by calculating 
the inter-block conjugate products. Moreover, to 
reduce the influence of bit sign reversal on the 
integration peak, block zero-padding is used. This 
process consists of two steps. The first step is to di-
vide the inter-block conjugate products into a few 
blocks. The second step is pre- and post-zero-padding 
each block for maintaining its timing order in the 
original sequence. In this way, the negative effects of 
the bit sign sequence (BSS) on the integration peak 
have been removed, and each block can be coherently 
integrated by the following processes when bit syn-
chronization occurs. The method uses fast Fourier 
transform (FFT) to estimate the chirping rate, which 
is also known as the block zero-padding method 
based on FFT in this paper. However, it brings new 
noise terms, which is not good for acquisition under 
the low signal-to-noise ratio (SNR). Fan et al. (2013) 
proposed the frequency estimation method based on 
discrete chirp-Fourier transform (DCFT). This method 
can improve the probability of detecting the 
integration peak without calculating the inter-block 
conjugate products. Moreover, DCFT can estimate 
the Doppler shift and Doppler rate of an L5 signal at 
the same time. However, it cannot directly be applied 
in an L1 signal acquisition owing to the influence of 
the possible bit sign reversal every 20 ms on the 
integration peak. 

To avoid the influence of the possible bit sign 
reversal every 20 ms on the integration peak, the 
differential coherence based bit synchronization 
algorithm has been proposed for high dynamic and 
weak GPS signals (Li et al., 2011; Li and Guo, 2013). 
First, the coherent integration values are processed by 
the differential coherence. Then the differential co-
herence values are accumulated according to the 20 

navigation bit sign boundary candidates as the  
decision variable. Finally, to achieve bit synchroni-
zation, the navigation bit sign boundary candidate 
corresponding to the minimum or maximum of these 
decision variables is determined as the navigation bit 
sign boundary position. Although these methods find 
the navigation bit sign boundary position, how to 
obtain the bit sign is not discussed. 

In this paper we propose a novel acquisition 
method for parameter estimations in weak signal and 
high dynamic environments. Due to the influence of 
bit sign reversal and the frequency error on the inte-
gration peak, the post-correlation signal in the high 
dynamic environment cannot be directly used for 
integration. So, the signal is processed by the block 
zero-padding method based on DCFT. First, the 
post-correlation signal is divided into a few blocks by 
block zero-padding. Then each block is processed by 
DCFT. In this way, the post-correlation signal can be 
coherently post-integrated, and the influence of BSS 
on the integration peak can be eliminated. Finally, the 
high dynamic parameters (including BSS, chirping 
rate, and initial frequency) are estimated based on the 
integration peak obtained using the threshold set 
based on a false alarm probability, and the theoretical 
performance of the proposed method can be analyzed. 
The simulation results show that compared with 
BASIC, the proposed method can estimate the high 
dynamic parameters in a lower SNR. 

 
 

2  High dynamic L1 signal model 
 
Based on the analysis in Yang et al. (2008), the 

baseband L1 signal of a specific satellite vehicle (SV) 
through the 1 ms correlation process can be written as 

 

2 2
0 s s 0exp{j[2π( ) ]}

,
n n n

n n

x b A f nT n T w

s w

    

     (1)
 

 

where wn is the post-correlation noise, xn the post- 
correlation signal with noise, sn the post-correlation 
signal without noise, bn=±1 the unknown data bit or 
bit sign, n the sampling point index, A the amplitude 
of the 1 ms correlation, Ts the sampling interval of the 
post-correlation, f0 the initial frequency, α the chirp-

ing rate, and 2 2
0 s sf nT n T  the frequency error.  
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3  Block zero-padding method based on 
DCFT for parameter estimations in weak 
signal and high dynamic environments 

 
In this section, we analyze the two conventional 

methods, i.e., BASIC and DCFT. Based on the anal-
ysis, we combine the two methods and propose a 
novel method for parameter estimations in weak 
signal and high dynamic environments. 

3.1  Conventional methods 

To process the post-correlation signal and obtain 
the initial frequency chirping rate and bit sign, the 
block diagram of BASIC has been proposed. This is 
the block zero-padding method based on FFT. How-
ever, constructing the inter-block conjugate products 
limits BASIC in obtaining the high dynamic param-
eters when SNR is low. Moreover, estimating the high 
dynamic parameters by detecting the integration peak 
leads to incorrect estimations of the high dynamic 
parameters when the signal is absent or misaligned 
with the local code. The BASIC diagram can be 
drawn as Fig. 1 (Yang et al., 2008). 

As can be seen from Eq. (1), the phase of sn 
changes nonlinearly with n and the complex post- 
correlation signal is affected by the frequency error 
and bit sign. The BASIC method constructs the inter- 
block conjugate products: 

 

 
 

*
( 1)

* *
( 1) ( 1)

* *
( 1) ( 1)

2 2
1 0 s

2
1

exp 2πj (2 1) 2

exp ( , ) ,

ki k M i kM i

k M i kM i kM i k M i

k M i kM i kM i k M i

k k

k k

z x x

s s w s

w s w w

b b A f k T i W

b b A k i W

   



  

     

     







 

 

      

 

   (2) 

 
where * represents the conjugate operation, γ=MTs, i 
represents the ith sampling point per block, M is the 
number of sampling points per block, and k=1, 2, …, 
K (K is the number of blocks or bit periods, i.e., 20 
chip periods). As can be seen from Eq. (2), phase  
Ψ(k, i) changes linearly with variables i and k, and the 
estimate for α is regarded as a linear problem. How-
ever, it brings new noise terms. The variance of noise 
W can be written as 
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where D(wn) is the variance of wn. Based on the  
definition of SNR (Huang et al., 2013), the SNR of 
inter-block conjugate products is smaller than that of 
the post-correlation signal: 
 

2 2 2

2 2

( )
.

2 ( ) ( ) ( )n n n

A A

A D w D w D w



              (4) 

 

Based on inequality (4), the process of calcu-
lating the inter-block conjugate products reduces the 
SNR when compared with the initial SNR of the 
signal. 

The DCFT method has been used for L5 signal 
coherent integration (Fan et al., 2013), and can esti-
mate the initial frequency and chirping rate at the 
same time. The DCFT of signal xn can be written as 

 

21

0

2

( , ) ,

0 1, 0 1,

lN mn n
N

n N
n

y m l x W

m N l N

 





     


         (5) 

 

where WN=exp(−j2π/N). For each fixed l,  
{y(m, l)}0≤m≤N−1 is the discrete Fourier transform 

(DFT) of signal 
2

.
l

n
N

n Nx W  Thus, DCFT can be effec-

tively implemented by FFT and generate N parallel 
outputs at the same time. The range of l in Eq. (5) 
seems computationally intensive. In practice, the  
 

Fig. 1  Block diagram of BASIC 
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computation can be reduced by properly selecting the 
range of l according to the predicted range of the 
chirping rate. Additionally, the computation com-
plexity can be further reduced using the fast DCFT 
algorithm (Aceros-Moreno and Rodriguez, 2005). If 
y(m0, l0) is detected when m=m0 and l=l0, the esti-
mated parameters f0 and α can be respectively written 
as 

0
0 s ,

m
f T

N
                             (6)

 

2 0
s 2

.
l

T
N

                          (7)
 

 
However, the integration peak is also affected by 

bit sign. DCFT cannot be directly applied in L1 signal 
acquisition. 

By comparing Figs. 2a and 2b, it can be observed 
that the post-correlation signal can be coherently 
integrated by DCFT in the searching zone composed 
of the initial frequency and chirping rate. Due to the 
influence of bit sign on the amplitude of integration, 
the integration peak is hard to detect in Fig. 2a. The  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

same results can be obtained by comparing Figs. 2c 
and 2d.  

3.2  The proposed method 

To estimate parameters in a weak signal and high 
dynamic environment, we propose the block zero- 
padding method based on DCFT. At the end of the 
method, the threshold is set to detect the integration 
peak. This is proposed to avoid incorrect values of the 
high dynamic parameters being estimated when the 
signal is absent or misaligned with the local code. The 
specific steps of the proposed method can be de-
scribed as follows (Fig. 3): 

Step 1: Divide xn into several blocks: 
 

20( 1) 1[ ], 1, 2, ..., ,

1, 2, ..., , 1, 2, ..., .

b
k k i bx i M

k K b M

    

 

Y
          (8) 

 

It is assumed that bit synchronization is obtained 
when b is equal to b1. 

Step 2: Write the zero-padding block as 
 

1
( 1)[ ].b

k M k k N kM  0 0h Y                   (9) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Amplitude of post-correlation signal after DCFT when the initial frequency is 250 Hz and chirping rate 200 Hz/s
(a) −40 dB (SNR), bit sign unknown; (b) −40 dB (SNR), bit sign known; (c) −20 dB (SNR), bit sign unknown; 
(d) −20 dB (SNR), bit sign known 
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Step 3: Instead of calculating the inter-block 

conjugate products of xn (Yang et al., 2008), perform 
DCFT on hk: 

 

( , ) DCFT( ).k kH m l  h                   (10) 

The kth bit sign can be solved as follows: 
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where real(·) represents the real part. The partial sum 
1 ( , )b

kS m l  and bit sign vector 1 ( , )b
k m lB can be ob-

tained as follows: 
 

1 1 1 1
1( , ) ( , ) ( , ) real( ( , )),b b b b

k k k kS m l S m l m l H m l    (12) 

1 1 1
1( , ) [ ( , ) ( , )],b b b

k k km l m l m lB B         (13) 
 

where 1
0 ( , )bS m l  is equal to 0 and 1

0 ( , )b m lB  is an 

empty vector. 
Step 4: Make detection based on the set thresh-

old Vt. The threshold is set based on the false alarm 

probability. If J  1
0 0| ( , ) |b

KJ S m l  is larger than Vt, 

the signal is acquired. Thus, the BSS is 1
0 0( , ).b

K m lB  

Then based on Eqs. (6) and (7), the initial frequency f0  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
and chirping rate α can be easily obtained. If not, the 
local code phase should be updated. 

 
 

4 Performance analysis of the proposed 
method 

 
Based on the proposed method, the detection 

variable J can be written as  
 

1

1

1
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where nk=0 or 1, n1=0, and ( 1) kn  represents the bit 

sign, 1real( ( , ))b
kH m l  obeys the normal distribution 

with mean μ and variance 2
, ,m l  and 

1

1

( 1) real( ( , ))k

K
n b

k
k

H m l


   is the linear combination of 

1real( ( , ))b
kH m l . So, 11 2 2

( , ,..., )K     obeys the multi- 

normal distribution. When the signal is absent or 
misaligned with the local code, μ=0. Thus, the overall 
false alarm probability can be written as 
 

0
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1 (1 ),
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m l
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               (15) 

Post-correlation signal b1
1Y ...

Zero-
padding

Zero-
padding

Zero-
padding

DCFT DCFT DCFT

H m l1( , ) H m l2 ( , ) KH m l( , )

Based on the threshold, calculate the BSS, initial 
frequency, and chirping rate

Post-correlation signal

Divide the signal 
into blocks

Zero-padding

DCFT

Based on the threshold, 
calculate the BSS, initial 

frequency, and chirping rate

b1
2Y b

K
1Y

a a a

f0f0f0
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...

h1 h2 hK

Fig. 3  Diagram of the block zero-padding method based on DCFT 
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where Pfa,l,m is the false alarm probability per detected 
cell. M0·L=Nc (Nc is the number of detected cells). 
Pfa,l,m can be written as 
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(16) 
 

where m
  is 0 or 1, and 1≤θ≤2K−1. F(·) is the cumu-

lative distribution function (CDF) of the multi-normal 
distribution with covariance matrix Cl,m and mean 
vector U. Cl,m(ηi, ηj)=E[(ηi−E(ηi))(ηj−E(ηj))], and  
1≤i, j≤2K−1. 11 2 2

, , ..., K     are thresholds. It is as-

sumed that 11 2 2
... .K tV        When Pfa,l,m is 

set, Vt can be calculated using the numerical solution. 
When the signal is aligned with the local code 

and the estimated parameters (including the chirping 
rate and initial frequency) are close to the parameters 
of the received signal, the detected cell can be as-
sumed as (l0, m0), and the detection probability of the 
proposed method can be written as 
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The mean vector U' can be written as 
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where 1≤m≤2K−1, Δf=f0Ts−m0/N, and Δα=αTs
2−l0/N

2. 
Fig. 4 shows the detection probabilities under 

different SNR values. For simplicity, it is assumed 
that Δf=0 and Δα=0. It is observed that the theoretical 
curves almost overlap with the respective actual 
curves. Since the integration time increases, the de-

tection probability is higher for K=3 than for K=2 
under the same SNR. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5  Simulation results 
 
The following simulation is conducted to verify 

that compared with BASIC, the proposed method can 
acquire the high dynamic parameters (including BSS, 
chirping rate, and initial frequency) of the L1 signal in 
a lower SNR. It is assumed that the range of the 
chirping rate is [100, 300] Hz/s, and the range of the 
initial frequency is [0, 250] Hz. The parameter set-
tings are listed in Table 1. 

Figs. 5a and 5b illustrate the amplitude of 
1real( ( , ))b

KS m l  when SNR is equal to −40 and −20 dB, 

respectively. Figs. 6a and 6c show the amplitude of 
1real( ( , ))b

KS m l  when m=m0 under −40 and −20 dB, 

respectively. Figs. 6b and 6d show the results of using 
BASIC to estimate the chirping rate under different 
SNR values. 

As Fig. 1 shows, BASIC performs the FFT on 
the inter-block conjugate products through the zero- 
padding process, and detects the integration peak to 
estimate the chirping rate. Figs. 6b and 6d show the 
amplitude of integration through the FFT process as a 
function of the chirping rate. As can be seen in Fig. 6d,  
there is a peak when the chirping rate is 200 Hz/s. 
However, when SNR is −40 dB, the peak cannot be 
seen. This is because the process of calculating the 
inter-block conjugate products brings more noise than  
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Fig. 4  Detection probabilities under different SNR 
values using the proposed method (Pfa,l,m=2×10−4,
f0=100 Hz, α=200 Hz/s) 
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that of the post-correlation signal. So, the integration 
peak is embedded in noise. As shown in Figs. 6a and 
6c, the integration peak can be seen under both −40 
and −20 dB. It proves that compared with BASIC, the 
proposed method can precisely acquire the chirping 
rate under a relatively low SNR. 

To further demonstrate that the proposed method 
performs better than BASIC under the low SNR 
scenario, we use Monte Carlo simulation to test their 
performances in estimating the chirping rate. Fig. 7 
presents the detection probability as a function of 
SNR.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

As shown in Fig. 7, the detection probabilities of 
BASIC and the proposed method both increase with 
the improvement of SNR. The probability of the 
proposed method is higher than that of BASIC under  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Simulation parameters 

Parameter Value 

Initial frequency, f0 100 Hz 

Chirping rate, α 200 Hz/s

Number of blocks, K 50 

Sampling interval, Ts 1 ms 

Number of sampling points per block, M 20 

Parameter of DCFT, N 1000

False alarm probability per detection cell 2×10−4 

Number of Monte Carlo simulations 104 

 

Fig. 5  Amplitude of the partial sums under −40 dB (a) 
and −20 dB (b) 
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Fig. 6  Chirping rate comparison 
(a) Proposed method under −40 dB; (b) BASIC under −40 dB; (c) Proposed method under −20 dB; (d) BASIC under −20 dB 
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the same SNR. When SNR is equal to −40 dB, the 
probability of the proposed method is approximately 
1, while the probability of BASIC is approximately 0. 

Tables 2 and 3 show the BSS obtained by the 
proposed method and BASIC under −20 and −40 dB, 
respectively. As can be seen in Table 2, the BSS ob-

tained by the proposed method and p
kb  are the same 

as the original sequence. It proves that both the pro-
posed method and BASIC can obtain the true value of 
the bit sign. However, as shown in Table 3, under the 
lower SNR value (−40 dB), some error bit signs occur 
in the BSS obtained by BASIC. In contrast, the BSS 
obtained by the proposed method is still the same as  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the original BSS. This further proves that the pro-
posed method outperforms BASIC in deriving a cor-
rect bit sign in a lower SNR circumstance. 

 
 

6  Conclusions 
 
This paper combines the BASIC method and 

DCFT method, and proposes the block zero-padding 
method based on DCFT for parameter estimation in a 
weak signal and high dynamic environment. First, the 
high dynamic post-correlation signal model is pre-
sented. Then this paper analyzes the process of cal-
culating the inter-block conjugate products of BASIC, 
which reduces the SNR compared with the initial 
SNR of the signal. The fact that DCFT cannot be 
directly used in the L1 acquisition under the low SNR 
has been presented. Based on the analysis, the block 
zero-padding method based on DCFT is proposed. In 
this way, the post-correlation signal is coherently 
post-integrated, and the influence of BSS on the in-
tegration peak is eliminated. The high dynamic pa-
rameters can be estimated based on the set threshold. 
Finally, the performance of the proposed method is 
analyzed. The simulation shows that compared with 
BASIC, the proposed method can estimate the high  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Bit sign sequence (BSS) determination (SNR=−20 dB) 

Item 
Bit sign 

k=1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Original 1 1 −1 1 1 −1 −1 1 1 1 −1 1 1 −1 1 −1 −1 1 1 1

Proposed method 1 1 −1 1 1 −1 −1 1 1 1 −1 1 1 −1 1 −1 −1 1 1 1

BASIC          

k  − 1 −1 −1 1 −1 1 −1 1 1 −1 −1 1 −1 −1 −1 1 −1 1 1
p

kb  1 1 −1 1 1 −1 −1 1 1 1 −1 1 1 −1 1 −1 −1 1 1 1
n
kb  −1 −1 1 −1 −1 1 1 −1 −1 −1 1 −1 −1 1 −1 1 1 −1 −1 −1

 

Table 3  Bit sign sequence (BSS) determination (SNR=−40 dB) 

Item 
Bit sign 

k=1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Original 1 1 −1 1 1 −1 −1 1 1 1 −1 1 1 −1 1 −1 −1 1 1 1

Proposed method 1 1 −1 1 1 −1 −1 1 1 1 −1 1 1 −1 1 −1 −1 1 1 1

BASIC          

k  − 1 1 1 −1 1 1 1 −1 −1 1 −1 −1 −1 −1 −1 1 1 1 −1
p

kb  1 1 1 1 −1 −1 −1 −1 1 −1 −1 1 −1 1 −1 1 1 1 1 −1
n
kb  −1 −1 −1 −1 1 1 1 1 −1 1 1 −1 1 −1 1 −1 −1 −1 −1 1
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Fig. 7  Detection probability comparison between the
proposed method and BASIC 
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dynamic parameters under a lower SNR. In contrast 
to the conventional receiver architecture using the 
closed-loop acquisition and tracking method, this is 
an open-loop acquisition method. It is particularly 
suitable for software radio receivers with snapshot 
solutions. 
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